A chemically modified carbon-paste electrode has been described for the sensitive and selective determination of amantadine. β-Cyclodextrin was used as modifier. The electrode shows a sub-Nernstian response of 51.0 ± 1.0 mV decade -1 for amantadine in the concentration range of 6.3 × 10 -10 -7.1 × 10 -7 M at 25 C. The optimum pH value was maintained at 4.5 using a 0.02 M acetate buffer. The limit of detection of the electrode was 6.3 × 10 -10 M of amantadine. The electrode responded very rapidly (<60 s) to changes in the concentration of amantadine, and its lifetime was more than three months. The relative standard deviation of measurements for a 2.0 × 10 -7 M of amantadine was 0.68% (n = 7). The application of a modified carbon-paste electrode to the determination of amantadine in its pharmaceutical preparations showed a relative error of 2%. The recovery of amantadine (2.5 × 10 -8 M) from a blood-serum sample was 94%.
Introduction
Amantadine (Scheme 1) is a tricyclic aminohydrocarbon with antiviral activity directed uniquely against the influenza A virus. It has also been approved for the treatment of Parkinson's disease. 1, 2 Several analytical methods have been reported for the determination of amantadine in pharmaceutical preparations and in biological fluids. The HPLC method requires the derivatization of amantadine to produce a chromophore detectable by UV or fluorescence spectroscopy. [3] [4] [5] The GC method requires the derivatization of amantadine to improve the volatility, and avoid column interactions. 6 The formation step of the derivative compound increases the time of sample preparation and the cost of the methods.
According to the literature, potentiometric ion-selective electrodes have been made for the determination of amantadine in pharmaceutical preparations and urine samples. 7, 8 A carbon-paste electrode is also reported 9 in which ion-pairs with amantadine have been used to modify the electrode. The lack of selectivity and high limits of detection are among the disadvantages of the made sensors.
In recent years, several sensitive potentiometric methods have been reported for the determination of pharmaceutical and biochemical compounds. [10] [11] [12] In this work, a simple potentiometric method was applied for the determination of amantadine using a β-cyclodextrin modified carbon-paste electrode. The electrode was used for the determination of very low concentrations of amantadine in pharmaceutical formulations and blood-serum samples successfully.
Experimental

Reagents and solutions
All of the materials used were of the highest purity available. Graphite powder was from Aldrich and paraffin oil from Fluka. β-Cyclodextrin was from Fluka and amantadine sulfate was purchased from Merck (Schuchardt, Germany), with 99% purity. Doubly distilled deionized water was used throughout. Amantadine tablets were from Amin Pharmaceutical Company (Isfahan, Iran).
Apparatus
Potentiometric experiments were performed with a computer-controlled Autolab PGSTAT-30 (Eco Chemie Ultecht, The Netherlands), driven with GPES 4.9 software (Eco Chemie). A conventional cell was used with Ag/AgCl (saturate) (3 M KCl) (Methrom, The Netherlands) as reference electrode. The indicator electrode was a carbon paste electrode modified with β-cyclodextrin (see below for construction details).
All pH measurements were performed using a Metrohm 632 pH-meter (Herisau-Switzerland).
Preparation of carbon-paste electrodes
Paraffin oil and graphite powder were mixed in a ratio of 1:4 (w/w), followed by the addition of an aqueous solution of β-cyclodextrin, 1.0 × 10 -3 M (100 μL of a β-cyclodextrin solution was added to 150 mg of the carbon paste). The mixture was homogenized in a mortar. Electrical contact was obtained by inserting a silver wire in the carbon paste. Before each experiment, the surface of the electrode was refreshed by polishing on soft paper.
Recommended procedures Direct potentiometry. Several standard solutions of amantadine were prepared in the concentration range of 1.0 × 10 -10 -1.0 × 10 -5 M (pH 4.5). The modified carbon-paste electrode was placed in stirred standard solutions together with a reference electrode. The potential of the cell was recorded after a few seconds. A graph of E (mV) versus amantadine was used as a calibration curve in the linear portion. This method was used for the determination of amantadine in its pharmaceutical preparations. Standard-addition method. In order to determine the recovery of amantadine from blood-serum samples, the standard-addition method was used. The samples were centrifuged at 2000 rpm for 30 min and the supernatant solution was used as the sample; 5.0 mL of the blood-serum sample containing 2.8 × 10 -8 M amantadine was transferred into a 25-mL volumetric flask, followed by the addition of 10.0 mL of an acetate buffer solution (0.05 M, pH 4.5) and adjusted to the mark using doubly distilled water. The potential of the mixture (E1) was measured using the modified carbon-paste electrode as an indicator electrode. Several volumes of the standard amantadine solution were added and the potentials were recorded. A standard addition curve was plotted. The recovery of amantadine was calculated using the regression line equation and E1.
Results and Discussion
Complexation with cyclodextrins
A cyclodextrin (CD) is a cyclic oligomer of α-D-glucose formed by the action of certain enzymes on starch. Three cyclodextrins are readily available: α-CD, having six glucose units; β-CD, seven units; γ-CD, eight units. The CD molecule is often described as a shallow truncated cone, the primary hydroxyl rim of the cavity opening having a somewhat reduced diameter compared with the secondary hydroxy rim.
The CD exterior, with hydroxy groups, is fairly polar, whereas the interior of the cavity is nonpolar relative to the exterior and relative to the usual external environments. These compounds have therefore been studied as "hosts" for "guest" molecules capable of entering a cavity and forming noncovalent host-guest inclusion complexes. The thermodynamics of host-guest complexation with cyclodextrins should be correlated to the extent in which the guest penetrates into the CD cavity, which depends on some parameters including the size and the degree of its lipophilicity. In general, cyclic aliphatic compounds fit better into β-CD; acyclic guests prefer α-CD. 13 One of the "best" guest moieties that fit almost perfectly into the β-CD cavity is the adamantyl group. The equilibrium constants for complexations of various adamantane derivatives with β-CD can often exceed 10 4 , or even 10 5 M -1 , whereas the corresponding values for α-CD are more than 100-times smaller. 14 These observations make β-CD a proper selective complexing agent for adamantane derivatives.
Amantadine (adamantane-1-ylamine) forms relatively strong complexes with β-CD with stability constants in the above order. 15 The adamantane moiety of the molecule enters the CD cavity (probably from the larger rim of the cavity) almost completely, while the amine (or ammonium) group remains outside of the cavity and in contact with water and secondary hydroxyl groups of β-CD.
According to the above-mentioned host-guest complexation of β-CD and amantadine on one hand, and the absence of adamantyl derivatives in biological fluids on the other, it seemed reasonable to use β-CD in a sensor for amantadine recognition in blood serum samples.
In this work, carbon paste was used as the electrode material because of its robustness and lower limits of detection compared to polymeric membrane electrodes. On the other hand, the electrode can be cleaned simply by rubbing on soft paper. In the case of a highly polluted surface, the tip of the electrode can be cut out and the inner, fresh parts of the electrode can be used.
Carbon paste electrode
In preliminary experiments, modified carbon-paste electrodes were prepared from α-, β-, or γ-cyclodextrins, and were tested for their sensitivity to the amantadine concentration (Fig. 1) . As was expected, β-cyclodextrin showed the best response to the presence of varying amounts of amantadine, while α-and γ-cyclodextrins did not respond to amantadine at the electrode surface.
Several compositions of a modified carbon-paste electrode with β-cyclodextrin were used, and their potential towards amantadine was recorded. The best composition (with reference to the detection limit, slope and linear range) was a mixture of the paraffin oil and graphite powder in a ratio of 1:4 (w/w), followed by the addition of an aqueous solution of β-cyclodextrin, 1.0 × 10 -3 M (100 μL of β-cyclodextrin solution was added to 150 mg of the carbon paste). The response characteristics of the modified electrode are summarized in Table 1 . As shown, the electrode exhibited a near-Nernstian slope (51.0 ± 1.0 mV decade -1 ) towards amantadine in the concentration range of 6.3 × 10 -10 -7.1 × 10 -7 M. The limit of detection (DL) was obtained from the intersection of the linear portions of the calibration curve to be 6.3 × 10 -10 M. Figure 2 shows that the unmodified carbon-paste electrode has a negligible potential response against the amantadine ion.
The lower DL obtained shows the applicability of the electrode in trace analysis. According to recent studies, 16, 17 in the case of polymeric membranes with inner solutions, even in the absence of primary ions (ions to be measured) in the sample solution, a concentration of about 10 -7 M of them is present at the sample side of the membrane interface. This concentration, which is sensed by the instrument, is developed because of transmembrane fluxes from the inner solution (through the membrane) toward the sample solution. Therefore, DL for most potentiometric ion-selective electrodes is around 10 -6 -10 -7 M of the primary ion. One way to improve the DL is to eliminate inner solutions when constructing ion-selective electrodes in order to reduce ion fluxes, as in electrodes with solid inner contacts. 18 CPEs with the advantage of the absence of an inner solution show improved DLs. Moreover, in the present study, the high selectivity of complexation between β-CD and amantadine at the membrane interface is another reason for improving DL (a lower DL is reached in theory when interfering ions displace 50% of the ions to be measured from the membrane). 16 
Effect of the pH on the potential of the electrode
The effect of the pH on the response of the proposed electrode was examined by recording the emf of the cell, using a direct potentiometric technique. The pH value of an amantadine solution (1.0 × 10 -7 M) was varied over the range of 1 -10 using small volumes of HCl or NaOH solutions. A plot of E versus pH (Fig. 3) indicates that the response of the electrode does not depend on the pH between values of 3 -5. At pH <3, H + may compete with amantadine for hydroxyl groups on β-CD. At pH >5, the amount of the neutral form of amantadine increases, which despite its stronger complexation with β-CD does not participate in the electrode potential. Thus, a pH of 4.5 was selected as the optimum pH, and was obtained by an acetate buffer solution. It is suggested that in this pH range, the main form of the drug that is involved in the electrode process is the protonated amantadine.
Effect of interferences
The response of the electrode was examined in the presence of some potentially interfering species. Figure 4 shows that the largest slope of E against the concentration (logarithmic unit) is for amantadine, and the least slope is in the case of the ammonium ion with the minimum lipophilicity in the series studied. As shown, the modified electrode shows a considerable response to rimantadine, which is very similar to amantadine. From this curve it can be concluded that rimantadine has a less tendency to β-CD cavity than amantadine, which may be due to a steric hindrance on the amine group, and consequently less entrance into the β-CD cavity.
Odashima showed that a bulky derivative of β-cyclodextrin when included in a polymeric membrane electrode has a good potential response toward amantadine, although more selectivity was detected for the phenyl ethyl amine. 19 The stability of the complex as well as its selectivity is solvent-dependent. 20 On the other hand, the steric hindrance of the bulky substituent used (hepta-S-dodecyl-) may inhibit accessibility to the cyclodextrin cavity for large molecules like amantadine, while smaller molecules can not easily escape from the cavity.
Analytical applications
In order to investigate the applicability of the electrode to the determination of amantadine, it was applied to the determination of the drug in amantadine tablets and the recovery of the drug from blood-serum samples. The results were quite satisfactory, as are reported in Table 2 , and represent the selectivity of the electrode towards amantadine in complex matrices, such as blood serum.
Conclusions
A carbon-paste electrode was modified with β-cyclodextrin and applied to the potentiometric determination of trace amounts of amantadine. A calibration curve was obtained, which was linear in the amantadine concentration range of 6.3 × 10 -10 -7.1 × 10 -7 M with a sub-Nernstian slope of 51.0 ± 1.0 mV decade -1 . The electrode showed a very fast response time (<60 s), and could be used for more than three months. Before each experiment the electrode was polished on a soft paper to remove the polluted surface.
Blood-serum samples spiked with trace amounts of amantadine were used as real samples as well as tablets of amantadine. The application of the potentiometric method using the modified electrode in these real samples gave quite satisfactory results. 
